SUMMARY The effect of changes in mechanical limb properties on the peak frequency of different tremor forms was analysed. Wrist tremor was recorded by an accelerometer fixed to the dorsum of the hand and demodulated surface EMG was recorded from the wrist extensors, while the extended hand was loaded with successively heavier weights. Physiological tremor was characterised by flat EMG spectra and a gradual decrease in tremor peak frequency with increasing load, as would be expected from the properties of a passive spring-mass-system. Also the peak frequency of activated physiological tremor characterised by increased synchronisation between motor units decreased in frequency with increasing loads. EMG spectra showed clear peaks of activity at the various mechanically determined tremor frequencies. In contrast, in two pathological tremor forms, the postural tremor in Parkinsonian patients and essential tremor, peak frequency tended to remain stable irrespective of changes in load. The method therefore allows a simple distinction between physiological and these two pathological tremors. 
Physiological tremor is an inevitable byproduct of any motor activity. Clinically tremor is then regarded as abnormal when the resulting movement becomes obvious to the naked eye and tends to interfere with motor performance. Whenever a tremor is recorded it is important to distinguish between two principally different conditions: isometric and isotonic. The difference between these two is that isometric tremor simply reflects those tremor components that are neural in nature. These may result either from the summation properties of asynchronously firing motor units in the narrow frequency range between their onset rates and the discharge frequencies where partial fusion of force ripples occurs,1 2 or from synchronisation between motor units, as in pathological tremors. Such synchronisation mostly takes place at the slowest steady motor unit discharge rates. Even under isometric conditions the synchronised motor unit discharges may excite the muscle spindles thereby bringing the stretch reflex into play.3 This becomes particularly obvious in the case of the so called "activated" physiological tremor (anxiety, fatigue, injection of,B-adrenergic drugs) where the amplitude of the physiological tremor increases as a result of enhanced synchronisation.
In contrast to isometric, that is force tremor, the tremor recorded under isotonic conditions is largely dependent on mechanical factors including even the ballistocardiogram. Owing to the wide range of possible mechanical states of the limb with tremor, the mechanical tremor component is subject to considerable modification caused by changes in mechanical limb properties. These alterations are reflected by the changes in amplitude and frequency of tremor. Under isotonic conditions, the neural component becomes significant only when the motor units are synchronised as in the case of pathological tremor, whereas the physiological isometric (= force) tremor also reflects asynchronous motor unit activity.
This study was designed to examine the effects of changes in mechanical limb properties on the frequency characteristics of physiological isotonic tremor and the interaction between the imposed mechanical factors and the neural synchronisation of pathological tremors. The early investigations by Wertheim-Salomonsen4 and Kollaritz5 had demonstrated that under physiological conditions isotonic tremor frequency was lowered by adding extra loads to the oscillating hand, pointing to the influence of the mechanical state of the moving limb on its tremor frequency. These results were confirmed and further extended by the use of spectral analysis of isotonic Differential effects of changes in mechanical limb proper limb tremor (for example ref 6) . It appeared from these studies that the actual peak frequency of limb tremor under isotonic conditions reflects mass-spring like properties with tremor peak frequency decreasing with increasing inertia or mass. Hence the actual tremor frequency should reflect the resonant frequency of the affected limb and in consequence tremor frequency should be different at different parts of the limb and be altered by adding loads.
We have studied the influence of changing mechanical properties simply by adding weights to the outstretched hand and analysed accelerometer and surface EMG signals to describe the interaction of mechanical and neural factors in various tremor forms. This study does not aim to distinguish to what extent the alteration in tremor frequency is due to changes of mass or of muscle stiffness. It rather focuses on the interaction between the imposed changes of mechanical limb properties and a rhythmic process as it appears in the neural synchronisation in pathological tremors.
The around the peak and total spectral power. The higher the peak power ratio, the more prominent is the tremor peak with respect to the remainder of the spectrum. The eight 4-2 seconds epochs as well as an average spectrum comprising 570 the whole duration of analysis at a given load level were plotted for the frequency band between 2 and 17Hz. To achieve optimal resolution of frequency composition, in this paper spectral plots are presented as autoscaled spectra keeping peak amplitude at a constant plot height. They therefore do not contain absolute peak amplitude information. Absolute peak power values of the accelerometer recordings are given numerically beside each spectrum in the figures.
Results
The effect ofloading on physiological and activated physiological tremors Figure 1 presents typical spectra of accelerometer and demodulated EMG signals of non-activated physiological tremor at successively heavier loads. Tremor peak frequencies in the unloaded condition varied between 80 and 102 Hz. There is a clear shift of dominant tremor rate to lower frequencies with increasing weights. The ongoing EMG activity does not show obvious bursts reflecting synchronisation at smaller loads. Correspondingly the average spectra of the demodulated EMG reveal no consistent peaks at loads up to 200 grams. At higher loads however, clearer peaks become apparent in the EMG spectra, at frequencies of around 10 Hz. These peaks in the EMG spectra occur at considerably higher frequencies than the peaks of the accelerometer readings. The group mean of total tremor power was 3-37g2 x 10-' (range 11 to 116) in the unloaded condition. Tremor power monotonically decreased with increasing loadings (see fig 7A) . Peak power ratios were in the range of 0-10-030 for accelerometer and in the range of 0-20-044 for EMG signals.
In this group of patients with activated physiological tremor, tremor peak frequency in the unloaded condition varied between 6 Hz and 8-3 Hz. Total tremor power was considerably higher than in the group with physiological tremor (group mean = 38-0 g2 x 10 -3, range = 10-2 to 64 8) in the unloaded condition. Figure 2 shows typical spectra of a patient with activated physiological tremor: similar to the findings in non-activated physiological tremor the dominant tremor rate decreases with increasing load. But the concomitant EMG spectra show distinct peaks that also decrease in frequency in parallel to the change of mechanical resonant frequency. Only at highest loads a second peak appears in the EMG spectra at frequencies above 10 Hz, which is also reflected by a second peak in the accelerometer spectrum. In comparison with the group of subjects with non-activated physiological tremor peak power ratios are higher for both accelerometer (range 04-0-8) and especially EMG spectra (range 0 6-0-9) in the unloaded condition. The decay in tremor amplitudes Homberg Both physiological and activated physiological tremors show a divergence of accelerometer and EMG peak frequencies at higher loads: at very high loadings, which require increased force output, a synchronised neural activity at around 10 Hz becomes apparent. This is clearly distinct from the mechanically influenced synchronisation-frequencies apparent at lower loading levels and is most marked in the records with activated physiological tremor. This tremor component is not modified by loading. It is likely to be neural in origin as it is evident predominantly in the EMG spectra, whereas the peak frequencies of the accelerometer recordings reflect the larger amplitude oscillations at the lower mechanical resonant frequencies induced by these high loadings. _~~~~~T !n11v
Hamberg, Hefter, Reiners, Freund with a stable pattern of simultaneous activity in agonist (wrist extensor) and antagonist (wrist flexor) muscles (fig4B). In contrast the EMG pattern of a subject with physiological tremor (fig 4A) lacks obvious grouping at both low and high loadings.
Simultaneous activation of agonist and antagonist muscles is known to be characteristic of essential tremor,8 but some patients in this group.may also show reciprocal activity in antagonistic muscles.9 The accelerometer spectra shown in fig 3 contain a second peak, which varies with changes in the mechanical limb properties but is not paralleled by corresponding peaks in the EMG spectra. This second peak occurs at 7C) . Figure 5 illustrates the load-independent constancy of tremor frequency in a patient with Parkinsonian tremor (5 Hz) at rest, which persisted during constant maintenance of posture. Tremor frequencies in the unloaded condition in this group ranged between 4-5 and 6 Figure 6 summarises the accelerometer peak frequency vs load relationship for groups of subjects with physiological tremor, activated physiological tremor and pathological tremors. Whereas both types of physiological tremor show a similar decrease of peak frequency with increasing loads all Parkinsonian and essential tremors show a nearly constant peak frequency independent from changes in the mechanical state of the limb.
In some of the patients with essential tremors we noted some increase in dominant tremor rate with high amounts of added mass along with the concomitant increase in muscle tension. This was always accompanied by corresponding spectral changes in the EMG pointing to a neural origin. This increase in tremor peak frequencies at very high loadings appears to be similar to the occurrence of a higher frequency neural synchronisation at highest load levels, which we also observed in physiological tremors. Figure 7 summarises the group statistical results of load-changes on total tremor power in the different groups. Whereas in both physiological and activated physiological tremor, spectral power is considerably lowered with higher loadings, this effect is less pronounced in both pathological tremor groups. In physiological and activated physiological tremor the amplitude reduction follows a monotonic trend. In the pathological tremor groups however relative power maxima may occur at intermediate load levels. These maxima show considerable interindividual variation and hence do not reach statistical significance. Since the loading was always applied in a fixed increasing sequence systematic effects related to muscular fatigue (increased tremor amplitude after previous higher loads) or anxiety caused by the unfamiliar recording situation (increased tremor amplitude at beginning of the session) are unlikely to cause the observed deviance from a monotonic trend. These rather seem to reflect random tremor amplitude Three principal patterns of interaction of mechanical and neural factors were observed: (I) In physiological tremor peak frequency was always dependent on the mechanical resonant frequency and there was no prominent peaking in the demodulated EMG spectra or grouping of activity (that is, bursts) in the ongoing EMG. (2) In "activated" physiological tremor peak frequency was also determined by the mechanical resonant frequency. However, EMG spectra showed clear peaks reflecting neural synchronisation at frequencies corresponding to the peaks in the accelerometer spectra. Occasionally in both physiological and activated physiological tremor a separate neural tremor component with frequencies at around 10 Hz tended to appear in the EMG spectra at high load levels. This tremor component was independent from changes in mechanical resonant frequency. (3) In both essential and Parkinsonian tremors the dominant tremor rate was not affected by changes in mass and the EMG showed burst repetition rates at a constant frequency reflected by corresponding sharp peaks in the EMG spectra irrespective of changes in mechanical resonant frequency. The prominent peaks in the EMG and in the accelerometer spectra always occurred at the same frequencies.
Our procedure to change the mechanical state of the limb by adding various weights to the horizontally outstretched hand inevitably changes both mass and muscle stiffness. Thus from the experimental design it is not possible to distinguish the extent to which the resulting change in resonant frequency is due to either of these factors. This is, however, not-relevant for the distinction between normal and abnormal tremor in respect of the different interaction between mechanical and neural factors in these two groups.
Physiological tremor
The observation that the frequency of physiological tremor under isotonic conditions depends on the mechanical resonant frequency confirms earlier investigations.6 0 In this condition there were no apparent bursts in the ongoing EMG and no prominent peaks in the power spectra of the demodulated EMG. This is in agreement with observations by Hagbarth and Young3 who also noted a lack ofrhythmicity in EMG signals in non-activated physiological tremor proper.
Activated physiological tremor
The main difference between recordings in this group as compared with subjects with non-activated physiological tremor were larger tremor amplitudes and higher relative peak power ratios reflected by sharper peaks in accelerometer and EMG recordings. As in physiological tremor, peak tremor frequency shifted with changes in mechanical resonant frequency. The fact that this was paralleled also by changes in the peaks of the EMG spectra points to an increase in gain of the stretch reflex loop leading to increased synchronisation of motoneuron pool outflow phaselocked to the stretching parts of the movement cycle. The results of this study were obtained in a particular standardised mechanical situation. It is, however, a characteristic feature of the pathological tremors that they vary under different postural conditions. For this reason it is clinical practice to distinguish between tremor at rest, action tremor, postural tremor, intention tremor and other special tremor forms.
Parkinsonian tremor is usually a tremor at rest which is diminished during increasing muscular effort. In contrast essential tremor is most pronounced during motor activity no matter if this is stationary such as maintaining a constant posture (postural tremor) or if it is non-stationary motor activity (action or kinetic tremor). In more severe cases of essential tremor this tremor may also appear at rest and conversely in advanced Parkinsonian cases the resting tremor will persist during the maintenance of posture. This variability of tremors with regard to amplitude and frequency in different innervational states is illustrated in fig 8 for two patients with Parkinsonian tremor. Isometric recording of force tremor (for methodological details see ref 2) during voluntary contraction shows different changes of tremor. In a patient with typical Parkinsonian tremor at rest (left panel) the low frequency tremor of his index finger is immediately blocked after he starts to press against the force transducer and is transformed to or substituted by a less synchronised force tremor which resembles physiological force tremor. In another Parkinsonian patient the prevailing low frequency tremor at rest (middle panel) persists throughout the contraction. After treatment of this patient with levodopa this high amplitude low frequency tremor is replaced by a physiological force tremor (right panel). For this reason we feel it is not justified to classify tremors primarily according to their preferential postural appearance.
Posture, state of muscle activity, emotional and Homberg, Hefter, Reiners, Freund mechanical factors are all determinants for the amplitude-frequency profile of tremor as revealed by spectral analysis. The reasons why and the mechanisms how they exert their differential effects are barely understood. The information obtained from this study (in addition to its diagnostic value) is that the rate of pathological tremors with strongest motor unit synchronisation seems not to be influenced by gross changes in the resonant properties of the trembling limb. 
